We recorded continuous seismic noise close and around two wind parks with different geological site conditions in order to investigate the effects of wind turbines on seismic signals in the frequency interval between 1 and 10 Hz. In wind park Fraureuth-Beiersdorf (5 turbines, 11 km south from Zwickau, Saxony), we used small seismic networks, with 3 to 5 stations for 1 -2 weeks. In Heinde (2 turbines, close to Hildesheim, Lower Saxony), we recorded 1 week with one station around 1 km away from the wind turbines and some additional stations for several hours only. With the spectrogram analysis of the data, we clearly identify the diurnal variation on the spectral amplitude separately from the noise generated by the turbines. The turbine noise appears at certain frequency bands around 2.2, 2.7, 3.3, 4.5, 5.2 and 6.6 Hz. A linear relation between the spectral amplitudes of these frequency bands and the wind velocity or rotation velocity of the turbines is clearly identified. The seismic signals produced by the operation of the wind turbines are not peaks at single frequencies, but look more like frequency bands with increased noise amplitudes. They could be identified up to at least 10 km in the case of Fraureuth-Beiersdorf. These bands depend on numerous parameters, i.e. wind turbine height, weight and construction, number of turbines, geology, etc. In both wind parks we also recorded along profiles with increasing distances from the wind turbines. With the analysis of these data, we propose an amplitude attenuation model for the wind park Fraureuth-Beiersdorf to a distance of 9 km, and for Heinde to a distance of 4 km. The attenuation models for both wind parks are quite different, depending probably on the local geology and topography.
Introduction
It is generally accepted [1] [2] [3] [4] that due to their moving masses (tower, blade rotation) the operation of wind turbines (WT) generates vibrations, which propagate in the ground as elastic waves that can be observed at large distances from the WT. Since these oscillations occur mainly in the seismically interesting frequency band (1 -10 Hz), seismological stations aiming for the detection of local seismic events, may be significantly affected in their operation. This raises the question of banning the construction of WTs close to existing seismic stations by defining protection radii around seismic stations.
To evaluate the adverse effect of WT on seismic stations, it is necessary to quantify both the noise emissions of different types of wind turbines and the effect of local geology on the attenuation of seismic vibrations with distance.
In order to analyze the influence of signals generated by the operation of WT on seismic records, we recorded seismic noise near and around two wind parks (WP), with different kind and number of WTs and different near-surface geological conditions.
The analysis of the seismic noise measurements intends: 1) to characterize the WTs vibration emission in terms of frequency content and amplitude variation as a function of wind velocity; and 2) to quantify the amplitude decay of the WT generated signals with distance. These are steps towards the final goal of establishing simple rules for defining distance-dependent levels of WT generated noise and from that deduce protection radii around seismic stations.
In the first part of this work, we investigate the spectral characteristics of the recorded ground motion in order to identify the noise level diurnal variation, and to define which frequency bands would be affected by the signals generated by the WT operation, by correlating the spectral amplitudes with the wind velocity, or with the WT's rotor velocity. In a second section, we analyze the spectral amplitude dependency of the recorded signals with distance to the WT. In the last section, we propose an amplitude decay model with distance to the WT.
By comparative measurements on two wind parks, the influence of the nearsurface geology on the seismic wave propagation could be investigated.
Data
We selected two wind parks (WP) with different kind and number of wind turbines (WT), as well as different geological conditions: WP Fraureuth-Beiersdorf (Saxony, Germany) and WP Heinde (Lowersaxony, Germany) ( Figure 1 ).
Wind Park Fraureuth-Beiersdorf
The WP Fraureuth-Beiersdorf is located 70 km south of Leipzig, between the villages of Fraureuth and Neumark, and consists of five WTs (Figure 2 Table 1. stations MOB2, and Greiz, GRZ1, ~3.8 km and ~9.1 km away, respectively, are part of the TSN (Figure 2 ).
We carried out three measurement campaigns (see Figure 2 , Figure 3 and Table 1 ). Since the data quality from Station MOB2 (3.8 km away from the WP) was quite good, it remained as a permanent station. Additionally to the seismic Table 1 . With the first measurement campaign, the seismic noise around the WP was recorded during 7 to 13 days, in order to define the noise spectral characteristics and the relation with the wind velocity. The other two measurement campaigns aimed at determining the distance-dependent decay of WT generated noise. Therefore, the setup was along profiles with increasing distance to the WP, with relatively constant wind velocity conditions during 2 hours.
Wind Park Heinde
The WP Heinde is located near 45 km south of Hannover, just 700 m south of highway A7. Thus, strong seismic noise not generated by the WTs could be expected. This WP consists of two identical WTs. In this study case we had access to the wind velocity data measured directly by the WT, as well as to the blade rotation velocity and power generation data. We selected the southern WT as reference because is the more distant from the Freeway A7.
The measurements were carried out in July 2016 and August 2016 along profiles in a southerly direction, 10 to 4000 m away from the southern WT ( Figure   4 and Table 2) In the spectrograms, several horizontal bands of increased amplitude can be identified around the frequencies 2.7, 3.3, 5.2 and 6.6 Hz. The intensity of these 
For the measurements in WP Heinde we had access to the wind velocity data measured directly by the wind turbines, as well as to the blade rotation velocity Hz, which is due to the proximity of the highway A7, only 700 m to the north of the WP (Figure 4) . Additionally, bands with increased amplitudes can be identified around 2.7 and 4.5 Hz, which are independent of the noise diurnal variation and correlate very well with the blade rotation velocity. Therefore, these frequencies could be recognized as noise generated by the WT (red framed time windows). Furthermore, in time windows when the rotation velocity is zero, the mentioned frequency bands disappear (black framed time window).
For frequencies smaller than 2 Hz there is no visible information, mainly because of the 4.5 Hz geophones that were used for the measurement.
The fact that the frequency signals of the WTs can still be clearly identified at a very noisy location shows that they are very significant disturbances, which could lead to a considerable reduction of the data quality of seismological stations.
In both parks it was possible to distinguish the signals generated by the WT operation from the "normal" seismic noise as high amplitude frequency bands, which appear when WT operates and disappear when there is no WT rotation, or when the wind velocity is slower than the cut off wind velocity for WT.
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Spectral Analysis

Wind Park Fraureuth-Beiersdorf
Two profile measurements took place near the WP Fraureuth-Beiersdorf (Table   1 ); Figure 8 and Figure 9 show the amplitude spectra of the individual stations for the profiles in May 2016 and in August 2016, respectively. Additionally, the permanent stations MOB2, SCHF and GRZ1 were also included in the analysis. In Figure 8 and Figure 9 , the spectral amplitude decay with the distance of the peak located on the frequency band around 3.3 Hz peak can be clearly seen.
This peak is still detectable up to 10 km distance from the WP (Station GRZ1)
Wind Park Heinde
At the WP Heinde, two profile measurements were carried out on July 2016 and August 2016 for 2 hours each ( Table 2) . Since the wind velocities were similar Table 2 ). The bands around 1, 2.7 and 4.5 Hz have a marked high amplitude. Especially, the bands near 2.7 and 4.5 Hz are visible in all stations and its amplitude decreases clearly with the distance. 
Distance-Dependent Decay of the Spectral Amplitudes for the Frequency Bands Generated by the WTs
From the seismic noise spectral analysis it was possible to identify the frequency bands that are most affected by the WT generated signals. Moreover, from the measurements along profiles, the amplitude decay with the distance to the turbines was qualitatively identifiable in both WPs.
In order to obtain an energy decay model from the 2-hour profile measurements we selected the frequency band near 3.3 Hz for WP Fraureuth-Beiersdorf and the frequency bands around 2.7 and 4.5 Hz for WP Heinde.
The procedure to measure the spectral amplitude for each station is shown in 
where A refers to the spectral amplitude, C is a constant, r is the distance and α is the power law exponent. Figure 15 and Figure 16 ). In Figure   10 it can be seen that the wind velocity during the two measurement campaigns was similar; therefore, we consider the average value of the spectral amplitudes for the location A2N that was located at the same position in both campaigns (red continuous line in Figure 15 and Figure 16 ). 
Conclusions
The operation of wind turbines generates seismic noise with preferential frequencies, which can be identified as spectral bands with increased amplitude in the Fourier spectra of the ground seismic noise. Since these bands lie within the seismologically interesting frequencies (1 Hz -10 Hz), they can be a significant interfering signal for seismological stations for earthquake monitoring.
The intensity of the interfering signal (amplitude of the frequency band) is directly dependent on the rotor velocity, i.e. at standstill the signal disappears. The frequencies of these high amplitude bands may be dependent on the type of wind turbines; in particular, they are probably related to the height of the tower and of the moving mass.
The interfering signals produced by the operating WT could be detected up to distances of approximately 10 km at the WP Fraureuth-Beiersdorf. This is consistent with previous studies [4] .
The amplitude decay with distance is different at the examined WPs and presumably depends on the near-surface geology, the topography and the damping of the seismic waves. The wave field propagation modeling in different subsurface structures will give a better understanding on these dependencies.
For a given WT, it should be possible to define excitation frequencies and excitation intensity of seismic noise depending on the individual construction, height etc. Intensity will additionally scale with wind velocity. Distance-dependent attenuation laws for different subsurface conditions can be found from modelling and calibrated with measurements like the ones presented here. With these ingredients, a prediction of the noise level that will be generated from future
WTs at specific sites becomes into reach. This will help to define a protection radius for seismic stations that exist before the construction of a WT that can easily be used by authorities.
